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A posterior staphyloma is defined as an outpouching of the sclera with its radius of curvature shorter than the radius of curvature of the surrounding eye wall. 1 A staphyloma is observed in optical coherence tomographic (OCT) images as an excavation of the posterior pole. This unusual morphologic shape is usually found in highly myopic eyes, and it is very rare in non-highly myopic eyes. 2 A posterior staphyloma has also been reported to be present in eyes with various inherited retinal degenerative diseases even in non-highly myopic eyes. These diseases include eyes with microcornea, rod-cone dystrophy, cataract, posterior staphyloma syndrome, 3 Leber's congenital amaurosis that is caused by variants of RDH12 gene, 4 Joubert syndrome, 5 retinal ciliopathy with C21orf2 variants, 6 and retinitis pigmentosa (RP). 7, 8 These case reports suggested that a retinal degeneration can not only change the morphology of the neurosensory retina but also alter the eye shape including the macula. However, the incidence and characteristics of eyes affected by a posterior staphyloma in eyes with inherited retinal diseases have not been determined.
The ability of OCT to record cross-sectional images of the posterior pole has enabled clinicians to examine the overall eye shape. Quantitative morphologic investigations of the posterior pole have been performed in eyes with high myopia using OCT images. 9 In addition, similar types of analyses have been performed in a community-based cohort. 2 Although the staphylomas in highly myopic eyes have been examined in detail, similar analyses have not performed on eyes with RP.
Thus, the purpose of this study was to determine the macular shape of 143 eyes with RP and to assess the characteristics of the eye that affect the macular shape.
METHODS
All of the procedures used in this retrospective study adhered to the tenets of the Declaration of Helsinki, and the Institutional Review Board/Ethics Committee of the Nagoya University Hospital approved this study (no. 2016-0538-2). The Institutional Review Board also waived the need for a written informed consent from each patient because the study design was a retrospective chart review.
Subjects
We reviewed the medical records of 303 RP patients who were examined by one of the authors (SU) at the Nagoya University Hospital between March 2013 and December 2017. The diagnosis of RP was based on the presence of night blindness, constriction of the visual fields, attenuation of retinal vessels, bone-spicule pigmentation, and reduced (<100 lV) or extinguished full-field scotopic flash electroretinograms elicited by 300 cd-s/m 2 (electroretinography; PE300; TOMEY, Nagoya, Japan). The data of only the right eyes of the 303 patients were used for the statistical analyses. Of the 303 potential patients, 162 patients had spectral-domain OCT (SD-OCT; Heidelberg Engineering, Heidelberg, Germany) images recorded. The images were of 9-mm radial scans. The axial length (AL) of these eyes ranged from 21.5 mm and 26.0 mm (IOL Master; Carl Zeiss Meditec, Inc., Dublin, CA, USA). Eyes with poor-quality OCT images due to severe cataract or inadequate location of the fovea due to poor fixation were excluded. In the end, 143 right eyes of 143 RP patients were analyzed. The most recent data were used for statistical analyses. The data of 60 normal right eyes were collected in the same way, and their data were compared with that of the RP patients.
The best-corrected visual acuity (BCVA) that was determined on the same day as the recording of the OCT images was used for the statistical analyses. The decimal BCVA was converted to logarithm of the minimum angle of resolution (logMAR) units for the statistical analyses. Counting fingers, hand motion, light perception, and no light perception were designated as 1.85, 2.30, 2.80, and 2.90 logMAR units respectively. 10 
Measurement of Retinal Morphologic Parameters in SD-OCT Images
We examined the horizontal scan images that were composed of 100 averaged images with the eye tracking system functioning. The size of each OCT image was adjusted to correct for the difference in the pixel resolution in the transverse and longitudinal directions.
The ellipsoid zone (EZ) width was measured between the borders where the EZ band met the upper surface of the retinal pigment epithelium (RPE) by using the built-in caliper. 11 If the EZ width exceeded the scanned images, the border of the EZ was set as the edge of the scanned image. All of the measurements were performed using the Heidelberg Eye Explorer software (Heidelberg Engineering).
Measurements of Macular Curvature
The reflective line corresponding to Bruch's membrane across the fovea was analyzed quantitatively using the Matlab software (The MathWorks, Inc., Natick, MA, USA). Twelve points on the Bruch's membrane line were marked beginning from the fovea, and the marks were separated by 76 lm in the SD-OCT images (Fig. 1A) . The software calculated the approximate curvature of the marked points using cubic spline interpolation (yellow and red line in Fig. 1B ). The cubic spline (S) consists of 11 sections of cubic polynomials, and every 2 adjacent sections, S i and S iþ1 , satisfied the following conditions on each marked point, p i , so that the sections were smoothly connected to the surrounding points:
where x i and y i are the horizontal and vertical coordinates of the marked point p i , respectively. Note that each section, S i , connects points p i and p iþ1 ; thus, its domain of definition is x i x x iþ1 .
From the calculated curves, we chose the curvature in the range of 6 mm including the central fovea (red line in Fig. 1B) , and the curvature values outside of this range (yellow line in Fig. 1B) were not used to reduce the effects of the optic disc.
The curvature value jðxÞ is calculated as jðxÞ ¼ S 00 ðxÞ= 1þ S 0 ðxÞ ð Þ 2 À Á 3 2 and the differentials, S' and S'', were obtained from the coefficients of the cubic spline. The software calculated the mean curvature between 63 mm from the central fovea by using all measured values for the local curvature in 1-lm steps. We named this value the mean macular curvature index (MMCI), and its unit was lm À1 .
Statistical Analyses
Mann-Whitney U tests and Fisher's exact tests were used to determine the significance of the differences in the continuous and categorical variables, respectively. The intraclass correlation coefficient was determined with a two-way mixed-effect model to assess the reliability of the curvature measurements by the graders. The correlations between the MMCIs and various ocular parameters were analyzed using rank correlation coefficients. Multiple linear regression analysis was performed to evaluate the associations between the MMCIs and other factors, including the category of RP or control, sex, AL, and age. For the secondary analyses, we conducted local regression (locally estimated scatterplot smoothing [LOESS]), which is a procedure for fitting a regression surface to data through multivariate smoothing, to consider the nonlinear relationships of the EZ width and MMCIs in RP eyes. 12 To confirm the nonlinear effect of the EZ width on the MMCIs, we divided the EZ width into three groups, namely, short, intermediate, and long, by using the k-means clustering method, and we performed one-factor ANOVA and Mann-Whitney U tests between each three groups. A P value of <0.05 was considered to be statistically significant. All statistical analyses were performed with R software version 3.4.3 and EZR software version 1.36 (Saitama Medical Center, Jichi Medical University, Saitama, Japan). 13 
RESULTS

Clinical Characteristics of RP and Control Eyes
The demographic and clinical characteristics of the eyes of 60 men and 83 women with RP and the eyes of 24 men and 36 women as controls are shown in Table 1 . There were no differences in the sex distribution, age, and AL between the RP and control eyes. The median of the BCVA was 0.22 logMAR units for the RP group. The EZ was intact in all of the control eyes but partially or fully disrupted in all of the RP eyes. The intraclass correlation coefficient for the MMCI between the two graders (SK and MM) for the 104 eyes was 0.98. The data obtained by SK were used for the statistical analyses.
The MMCI in the control eyes was À6.63 6 5.63 3 10 À5 lm À1 and that for the RP eyes was À13.73 6 9.63 3 10 À5 lm À1 , which indicated that the curvature of the control was less concave than that of the RP eyes ( Table 1 ). The minus values indicate a concave shape and plus values indicate a convex shape. The results suggested that the macular shape was a steeper concave in the RP eyes.
Representative OCT Images of Control and RP Patients
The horizontal scanned SD-OCT images and fundus photographs of one control eye and four eyes with different degrees of severity of RP (cases 1-4) are shown in Figure 2 . The control patient was a 22-year-old woman ( Fig. 2A ). Her macular shape was flat, and this was confirmed by our calculation that the MMCI was À0.69 3 10 À5 lm À1 . Her AL was 24.66 mm.
Case 1 was a 43-year-old woman with early stage RP that was a representative case with a preserved long EZ of 6131 lm (Fig. 2B ). Bruch's membrane was more curved around the area of the disruptive EZ. The MMCI was À17.1 3 10 À5 lm À1 , and the AL was 24.74 mm. Case 2 was a 46-year-old man who is a representative case with relatively advanced RP with an EZ of 3020 lm (Fig. 2C ). Bruch's membrane of case 2 had a steeper curvature than that of case 1. The MMCI was À22.5 3 10 À5 lm À1 , and the AL was 22.91 mm. Case 3 was a 37-year-old man who is a representative case with advanced RP with a completely disrupted EZ (0 lm) (Fig. 2D ). The OCT image showed a posterior staphyloma, and the MMCI was À34.5 3 10 À5 lm À1 . The AL was 24.53 mm. Case 4 was a 70-year-old woman who is also a representative case with advanced RP without an intact EZ (0 lm) ( Fig. 2E ). However, this patient had a relatively flat macular line, the MMCI was À6.76 3 10 À5 lm À1 , and the AL was 23.38 mm.
Distribution of MMCIs of Control and RP Eyes
The distributions of the MMCIs of the controls and RP eyes are shown in Figure 3 . For the controls, the MMCI ranged from À20 3 10 À5 lm À1 to 10 3 10 À5 lm À1 except for 1 eye. The MMCI of 24% (35/143) of the RP patients was lower than À20 3 10 À5 lm À1 , and the range of the MMCIs was greater than that of the control eyes. In addition, the ratio of the flat to upward convex, i.e., plus MMCI, in the RP eyes was significantly smaller than that of control eyes (P < 0.05). The percentage of eyes with the steep curvature less than À25 3 10 À5 lm À1 that was detected as a distinct excavation of the posterior pole was 12% of the RP eyes (17/143). In this group, all patients were younger than 70 years, and none had an EZ length >5400 lm. There were no differences in the sex distribution (P ¼ 0.79), age, AL, BCVA, and EZ width between them and other RP eyes (P ¼ 0.15, P ¼ 0.45, P ¼ 0.88, and P ¼ 0.85; respectively).
Correlations Between MMCI and Clinical Parameters
To determine which factors including RP or control, AL, sex, and age were significantly associated with the MMCI, we performed multiple linear regression analyses. The results showed that the category, RP or control, and the AL were significant independent factors for predicting the MMCI ( Table  2 ). The coefficient for the category, RP or control, was À7.75 and that for the AL was À2.11, which suggested that the category of RP and longer AL were significantly correlated with lower MMCI values.
Next, we determined the correlations between the MMCI and the age, AL, BCVA, and EZ width of the RP eyes ( Table 3 ). The MMCI was significantly correlated with the age and the AL, although the correlation coefficients were low (Table 3 ; Supplementary Fig. S1 ). The MMCI was not correlated with the BCVA and the EZ width.
Nonlinear Effect of EZ Width on Macular Curvature in RP Eyes
Our results showed that the macular curvature was concave and steeper in patients with shorter EZ (see cases 1 and 2). However, some patients with blurred or no measurable EZ had steep macular curvature as shown in case 3 and others had flat to convex as in case 4. We suggest that the variability of the MMCI in advanced RP might be the reason why the linear correlation of the EZ width with the MMCI was not significant.
The LOESS curve and scatterplots of the EZ width and MMCIs in RP eyes suggested a nonlinear effect of the EZ width on the MMCI. The MMCI was lowest in eyes with an EZ width of around 2200 lm, and the MMCI was higher in the eyes with shorter or longer EZ widths (Fig. 4A ). Thus, we performed additional analyses by dividing the RP patients into three groups according to the width of the EZ using k-means The differences of the MMCI in the three groups were significant (P < 0.05). The mean MMCI in the intermediate group was significantly lower than that of the short and long groups (P < 0.05) (Fig. 4B ).
DISCUSSION
Our results showed that the macular curvature of the 143 nonhighly myopic RP eyes had a significantly steeper concave curvature of the macula than that of the control group. Further analysis showed a nonlinear effect of the EZ width on the macular curvature in the RP eyes. These findings suggested that the normal layers of the retina and RPE need to be intact to support the flatness of the macular shape. The unit of MMCI might be ambiguous and not relevant in the analysis of the curvature, and the radius of the curvature might be better. However, the value of the radius of curvature became close to infinity in cases of a flat macula, which made statistical analyses not possible. Thus, we used MMCI, which is the inverse of the radius of curvature.
Recently, Xu et al. 8 studied 13 eyes of 7 RP patients with a macular staphyloma in non-highly myopic eyes. They reported that the type of staphyloma in these RP patients was different from that in pathologic myopia, and the staphylomas found in RP eyes belonged to the narrow macular staphyloma type, whereas the wide macular staphyloma type, equivalent of type I in classification by Curtin, 14 was the predominant type of staphylomas in highly myopic eyes. 15 In our RP group, we found 17 eyes with a highly curved shape (MMCI, less than À25 3 10 À5 lm À1 ), which might be classified as eyes with a staphyloma. As shown in case 3, most of these eyes were also classified as the narrow macular staphyloma type. However, the definition of staphyloma in OCT scan images, which analyzes a limited area of posterior pole, has not been established. Thus, we evaluated the macular shape quantitatively by modifying the way of analysis used in a previous study of highly myopic eyes. 9 Our quantitative analysis allowed us to analyze the distribution of the macular curvature in RP patients and also to identify the RP eyes with abnormally steep curvature. This method for evaluating the fundus shape will allow clinicians to investigate eyes with not only high myopia but also retinal degeneration.
Our data showed that not only the status of the RP but also the AL was an independent predictor of the degree of curvature, which is consistent with an earlier study on a large population-based cohort. 2 The AL would affect the macular curvature in the normal and RP eyes.
We hypothesized that the photoreceptor degeneration was associated with the formation of a posterior staphyloma, but the EZ width was not correlated linearly with the MMCI. Thus, we examined the relationship between the EZ width and MMCI by additional analyses. As expected, a shortening of the EZ made the macular curvature steeper in the eyes with EZ of greater than 2200 lm (Fig. 4A ). However, a further shortening of the EZ made the macular curvature flatter in the eyes with EZ of less than 2200 lm. In addition, the eyes with intermediate EZ had significantly lower MMCI than eyes with short EZ, i.e., EZ of <1311 lm. There are several possible reasons for the higher MMCI in the eyes with short EZ. One is the flattening of the macular curvature by the further reduction of the central EZ in the end stage of RP. The macular shape is bowing in accordance with the reduction of EZ in the relatively peripheral area, but during or after the disturbances of the EZ in the central macular it might be stretched. To prove this possibility, longitudinal observational studies will be needed. The second explanation is the great heterogeneity of macular involvement among RP patients illustrated by the large number of causative genes, which cause various underlying biochemical pathways. [16] [17] [18] In certain RP subtypes, macular degeneration occurs relatively early in the disease course. 19 In this type, the EZ in the macular area might disappear evenly, which is different from a shorting of the EZ, and the curvature might be unchanged. This type of RP eyes would be classified as the short EZ group, and they may have the short EZ and cause the high variations in the curvature in zero EZ width patients.
The formation of a posterior staphyloma has been reported to be associated with the mutation of several genes especially in the phenotype of early-onset retinal dystrophy: RDH12, 4 C21orf2, 6 DHX38, 20 IDH3A, 21 and NMNAT1. 22 We included only the patients older than 10 years. When we investigated the eyes with relatively younger patients, the mean 6 SD MMCI of six eyes in the teens was À7.45 6 8.27 3 10 À5 lm À1 and only one patient was less than À20 3 10 À5 lm À1 ( Supplementary Fig. S1 ). This indicates that the cases with early-onset of RP did not always have steep curvatures of the posterior pole. However, the quantitative analysis of the macular curvature in earlier onset RP cases, including Leber congenital amaurosis, might be different. In adult RP cases, several eyes with posterior staphyloma were reported, 7,8 but in most of the cases the causative genes were unidentified except one patient with the EYS pathogenic variant. 8 We did not analyze the genotype-phenotype correlations because of the lack of the number of patients who were identified by causative gene variants. To detect the mechanism of steep curvature in RP, further evaluations of the associated genes and macular curvatures need to be performed. There are several limitations in our study. First, we analyzed only the horizontal scans of the OCT images. It might be better to analyze the macular shape in three dimensions by the volume scans of the macular area or in both the vertical and horizontal images. Our software did not allow us to analyze the volume scans and lack of vertical OCT images in some patients permitted us to analyze the horizontal scan images. Although the horizontal curvature seems to be representative for the macular curvature, our results might have limited aspects of the macular shape in RP eyes. Second, evaluations of 6-mm width from the 9-mm OCT scan width might not be wide enough to determine the relationship of the retinal degeneration and the curvature. The retinal degeneration proceeds from the peripheral retina to the macular area, and the evaluation of curvature in more peripheral area would be worth performing. To examine the curvature in the peripheral retina, a wide scan range by swept source OCT might be better. Third, this study did not find a significant relationship between the MMCI and macula function. The effect of the curvature on the macula function, which can be estimated by focal and multifocal ERGs, will be determined in a future study. Fourth, due to the cross-sectional study design, it remains unclear whether the curvature changes were associated with the development of retinal degeneration.
In conclusion, our results show a high incidence of steep macular curvature in RP eyes. Although we did not find the factors that play a crucial role in the formation of the curvature, the steepness of macular curvature in RP was affected by the EZ width. To date, the importance of macular curvature has not been determined in RP eyes, but it is reported that patients with abnormal posterior concavity of the eye wall should not be considered ideal candidates for implantation of retinal prosthesis because the signal transduction from electrodes to retinal target cells appears to be counteracted by an excessive electrode-retina distance. 7 Further quantitative analysis in larger cohorts of RP with genetic analysis would make it possible to determine the mechanisms and importance of the curvature in eyes with RP. 
